1. Introduction {#sec1-antioxidants-09-00511}
===============

Osteoarthritis is one of the most leading causes of disability. Worldwide evaluations show that 18% of women and 9.6% of men ≥60 years are affected by osteoarthritis \[[@B1-antioxidants-09-00511]\]. It is a complex pathology characterized by an inflammatory mediators storm released by bone, cartilage and synovium \[[@B2-antioxidants-09-00511]\].

These mediators activate nociceptive and degradative pathways associated with the development of the disease \[[@B2-antioxidants-09-00511],[@B3-antioxidants-09-00511]\]. Allodynia is a prominent symptom of osteoarthritis, which represents a debilitating characteristic and is often treatment-resistant. Thus, pathology modification strategies for reversing or arresting the development of joint degeneration have been suggested to impact on pain generation. Emerging views consider osteoarthritis no longer as predominantly a cartilage issue, but as a complex disease characterized by a progressive joint destruction. These processes are induced by pro-inflammatory mediators responsible for releasing proteolytic enzymes and degrading the extracellular matrix. Redox mechanisms influence intracellular signaling osteoarthritis progression \[[@B4-antioxidants-09-00511],[@B5-antioxidants-09-00511]\]. The concentrations of several reactive oxygen species (ROS), oxidized and reduced thiols, the oxidative stress indicator and the correlated enzymes are monitored in osteoarthritis. Altindag and colleagues showed lower serum catalase activity and thiol levels in osteoarthritis patients, compared to controls \[[@B6-antioxidants-09-00511]\]. Moreover, these patients show a higher oxidative stress index, which negatively correlated with prolidase activity levels. Regan and colleagues reported lower levels of extracellular superoxide dismutase (SOD), ascorbate and glutathione in osteoarthritis patients \[[@B7-antioxidants-09-00511]\]. A diet rich of flavonoids, polyphenols, vegetables and fresh fruit counteracts the oxidative effect of ROS and have important effects on osteoarthritis \[[@B8-antioxidants-09-00511],[@B9-antioxidants-09-00511]\]. Recent studies proposed antioxidants with further anti-inflammatory action as therapeutic tools in osteoarthritis \[[@B1-antioxidants-09-00511]\]. Preclinical and clinical studies describe antioxidant and antimicrobial properties of medicinal plants \[[@B10-antioxidants-09-00511]\]. *Anacardium occidentale* L. is a well-studied medicinal plant with a therapeutic effect. Different ethnopharmacological applications have been described for the various portions of the plant (flowers, stem, fruits and leaves), \[[@B11-antioxidants-09-00511]\]. In particular, its fruits (cashew nuts) have important antioxidant activity \[[@B12-antioxidants-09-00511]\]. In a xanthine/hypoxanthine oxidase test, cashew nuts show elevated antioxidant capacity with 94% inhibition from the fiber and 100% inhibition from nut liquid extract of the nut. Lipid peroxidation levels show a 95% rise in total antioxidant capacity and 80% reduction in the formation of malondialdehyde \[[@B13-antioxidants-09-00511]\]. Moreover, cashews are able to reduce lipid peroxidation and raise SOD and catalase (CAT) activity, reducing injuries to cell membranes \[[@B14-antioxidants-09-00511]\]. The monosodium iodoacetate (MIA) animal model is an established model of osteoarthritis for both pain-related behaviors and histopathological changes \[[@B15-antioxidants-09-00511],[@B16-antioxidants-09-00511],[@B17-antioxidants-09-00511],[@B18-antioxidants-09-00511]\]. Accordingly, our study was designed to evaluate the potential beneficial effect of the oral administration of cashew nuts on an experimental rat model of MIA-induced osteoarthritis.

2. Materials and Methods {#sec2-antioxidants-09-00511}
========================

2.1. Animals {#sec2dot1-antioxidants-09-00511}
------------

Male rats (Sprague--Dawley (200--230 g, Envigo, Milan, Italy)) were used throughout. The University of Messina Review Board for animal care (OPBA) approved the study (500/2018-PR). All animal experiments agree with the new Italian regulations (D.Lgs 2014/26), EU regulations (EU Directive 2010/63) and the ARRIVE guidelines.

2.2. Experimental Protocol {#sec2dot2-antioxidants-09-00511}
--------------------------

Osteoarthritis was induced by MIA injection in the knee joint \[[@B18-antioxidants-09-00511]\]. On day 0, rats were anesthetized and a volume of 25 µL sterile saline solution + 3 mg of MIA was injected into the knee joint. Rats were administered with vehicle (saline) or cashew nuts (100 mg/kg) as a repeated administration three times per week for 21 days, starting the third day after MIA injection. On day 21 post-MIA administration, blood samples were collected and knee joints were inspected in detail to determine histopathological changes. Cartilage was stained to verify whether there was any presence of osteoarthritis \[[@B17-antioxidants-09-00511],[@B19-antioxidants-09-00511]\].

2.3. Experimental Groups {#sec2dot3-antioxidants-09-00511}
------------------------

Rats were randomly divided into the following groups: (1).MIA + vehicle (saline): rats subjected to surgery as described above, and administered with vehicle (*n* = 10)(2).MIA + cashew nuts (100 mg/kg): rats subjected to surgery as described above, and administered with cashew nuts (100 mg/kg) (*n* = 10)(3).SHAM groups. rats were administered by intra-articular injection with 0.9% saline instead of' MIA, and were treated with either vehicle or cashew nuts.

The tested dose was chosen based on previous studies performed in our laboratories \[[@B12-antioxidants-09-00511]\]. Rats were sacrificed at twenty-one days, and after surgical procedures, blood was collected and knee joints were harvested for histological investigation.

2.4. Serum Enzyme Measurements {#sec2dot4-antioxidants-09-00511}
------------------------------

At the end of the experiment, blood samples were collected, allowed to coagulate at room temperature for 30 min and separated by centrifugation at 3000 r.p.m. for 15 min. The clean, clear serum was separated \[[@B20-antioxidants-09-00511]\]. Reduced Glutathione (GSH), glutathione peroxidase (GPx), [l]{.smallcaps}-malondialdehde (MDA) \[[@B21-antioxidants-09-00511]\], catalase (CAT) and super oxide dismutase (SOD) were assessed according to the method described \[[@B22-antioxidants-09-00511],[@B23-antioxidants-09-00511],[@B24-antioxidants-09-00511],[@B25-antioxidants-09-00511]\].

2.5. Measurement of Cytokines, Metalloproteinases and NGF {#sec2dot5-antioxidants-09-00511}
---------------------------------------------------------

The levels of interleukin-1beta (IL-1β), tumor necrosis factor alpha (TNF-α), nerve growth factor (NGF), and matrix metalloproteinase-1-3-9 (MMP-1 MMP-3 MMP-9) were investigated in serum. Assays were performed using commercial colorimetric ELISA kits (IL-1β, TNF-α, NGF: Thermo Fisher Scientic, Monza, Italy; MMP-3, MMP-1, MMP-9: Cusabio, Houston, TX, USA ).

2.6. Pain Measurement {#sec2dot6-antioxidants-09-00511}
---------------------

Mechanical allodynia was assessed using an electronic Von Frey test (BIO-EVF4, Bioseb, Vitrolles, France), as previously described \[[@B19-antioxidants-09-00511],[@B26-antioxidants-09-00511]\]. The weight needed to have a paw withdrawal reflex (grams) and the time between the stimulus and the response (seconds) were automatically identified and recorded. A maximum weight of 50 g and a ramp speed of 20 s were used as cut off for the test.

2.7. Analysis of Motor Function (Walking Track Analysis) {#sec2dot7-antioxidants-09-00511}
--------------------------------------------------------

Motor functional recovery was investigated by walking track analysis, as previously described \[[@B19-antioxidants-09-00511]\]. Walking track analysis was evaluated before MIA injection, and 3, 7, 14 and 21 days after. The measurements recorded were the following: (i) the print length (PL, i.e., the distance from the heel to toe), (ii) the toe spread (TS, i.e., the distance from the first to the fifth toes), (iii) the intermediary toe spread (IT, i.e., the distance from the second to fourth toes). These measures were noted for the MIA-injected and contralateral limb, with the prefix E and N being added, respectively. The motor functional recovery was calculated using the following formula, whose numerical value is termed SFI (sciatic functional index): −38.3 \[(EPL − NPL)/NPL\] + 109.5 \[(ETS − NTS)/NTS\] + 13.3 \[(EIT − NIT)/NIT\] − 8.8 \[[@B27-antioxidants-09-00511]\]. SFI values in the control group were assumed as zero.

2.8. Radiographic Analysis {#sec2dot8-antioxidants-09-00511}
--------------------------

Radiographic analysis was performed by X-ray (Bruker FX Pro instrument, Milan, Italy). A semiquantitative grading scale was employed to evaluate the radiographs \[[@B28-antioxidants-09-00511]\]. Briefly, the study features were scored as follows: joint space, from 0 (normal) to 3 (complete loss of joint space); subchondral bone sclerosis, from 0 (normal) to 3 (severe); osteophyte formation, from 0 (normal) to 3 (osteophytes present on both tibial and femoral condyle).

2.9. Histological Analysis {#sec2dot9-antioxidants-09-00511}
--------------------------

Tibiofemoral joints were harvested twenty-one days after MIA injection and fixed in neutral buffered formalin, as previously described \[[@B18-antioxidants-09-00511]\]. Tissue sections were stained with hematoxylin and eosin (H&E), observed using a Leica DM6 microscope at ×10 magnification (Leica Microsystems SpA, Milan, Italy) associated with Leica LAS X Navigator software (Leica Microsystems SpA, Milan, Italy). Collagen content was evaluated by Masson's trichrome according to the manufacturer's instruction (Bio-Optica, Italy, Milan). Toluidine blue staining was used to evaluate the mast cells' number and cartilage degeneration \[[@B18-antioxidants-09-00511],[@B29-antioxidants-09-00511]\]. Modified Mankin histologic scoring system was employed to evaluate cartilage damage \[[@B30-antioxidants-09-00511]\].

2.10. Reagents {#sec2dot10-antioxidants-09-00511}
--------------

Cashew kernel samples (*Anacardium occidentale* L.) obtained from West Africa were used in the study. Their proximal composition has been previously reported \[[@B12-antioxidants-09-00511]\]. All other materials were purchased from Sigma-Aldrich Co. Stock solutions were prepared in nonpyrogenic saline (0.9% NaCl, Baxter Healthcare Ltd., Thetford, Norfolk, UK).

2.11. Data Analysis {#sec2dot11-antioxidants-09-00511}
-------------------

All values in the figures and text are expressed as mean ± standard error of the mean (SEM) of *N* = 10 number of animals. In those experiments involving histology, the exhibited pictures are representative of at least three experiments performed on different days. Results were analyzed by one-way or two-way ANOVA, followed by a Bonferroni post-hoc test for multiple comparisons. A *p*-value \< 0.05 was considered significant. \* *p* \< 0.05 vs. sham-vehicle, \# *p* \< 0.05 vs. MIA-vehicle, \*\* *p* \< 0.01 vs. sham-vehicle, \#\# *p* \< 0.01 vs. MIA-vehicle, \*\*\* *p* \< 0.001 vs. sham-vehicle, \#\#\# *p* \< 0.001 vs. MIA-vehicle.

3. Results {#sec3-antioxidants-09-00511}
==========

3.1. Effect of Cashew Nuts on Motor Function Deficits and Pain Induced by MIA Injection {#sec3dot1-antioxidants-09-00511}
---------------------------------------------------------------------------------------

Because pain is the main sign of osteoarthritis, the secondary tactile allodynia was evaluated in MIA-injected animals. At days 3, 7, 14 and 21, the von Frey hair test showed reduced PWL and PWT in vehicle-treated rats compared to the sham ([Figure 1](#antioxidants-09-00511-f001){ref-type="fig"}A,B). Cashew nuts' oral administration significantly reduced osteoarthritis allodynia, showing an antinociceptive property. Moreover, walking track analysis was performed to evaluate motor function at different time points. The control group was assumed as zero ([Figure 1](#antioxidants-09-00511-f001){ref-type="fig"}C). In the vehicle-treated animals, their locomotor function was significantly impaired, as shown by the SFI values lower than zero. Treatment with cashew nuts significantly improved joint mobility, thus reducing physical disability.

3.2. Effect of Cashew Nuts on Oxidative Stress Induced by MIA Injection {#sec3dot2-antioxidants-09-00511}
-----------------------------------------------------------------------

In order to evaluate the antioxidant effect of cashew nuts' oral administration on osteoarthritis biochemical blood parameters were evaluated. GSH and CAT levels and GPx activity were reduced in the serum of MIA vehicle-treated animals as compared to the sham group. Treatment with cashew nuts normalized GSH and CAT levels and GPx activity ([Figure 2](#antioxidants-09-00511-f002){ref-type="fig"}A,C,D respectively). SOD levels were substantially increased by MIA injection and reduced by cashew nuts' treatment ([Figure 2](#antioxidants-09-00511-f002){ref-type="fig"}B). Moreover, a significant increase in MDA level was detected in MIA vehicle-treated animals when compared to the control group. Cashew nuts' administration decreased the enhanced MDA levels induced by MIA ([Figure 2](#antioxidants-09-00511-f002){ref-type="fig"}E).

3.3. Effects of Cashew Nuts on Inflammatory, Matrix Degradation and Nociceptive Markers Induced by MIA Injection {#sec3dot3-antioxidants-09-00511}
----------------------------------------------------------------------------------------------------------------

To test whether cashew nuts' administration may modulate pro-inflammatory cytokines' expressions, levels of TNF-α ([Figure 3](#antioxidants-09-00511-f003){ref-type="fig"}A), IL-1β ([Figure 3](#antioxidants-09-00511-f003){ref-type="fig"}B) and NGF ([Figure 3](#antioxidants-09-00511-f003){ref-type="fig"}C), were measured. MIA Vehicle-treated animals showed increased inflammatory and nociceptive markers compared to the sham group. In contrast, cashew nuts' treatment reduced these increases in serum levels. Moreover, we evaluated the expressions of matrix-degrading enzymes that play a key role in the destruction of articular cartilage induced by MIA injection. Serum levels of MMP-1 ([Figure 3](#antioxidants-09-00511-f003){ref-type="fig"}D), MMP-3 ([Figure 3](#antioxidants-09-00511-f003){ref-type="fig"}E) and MMP-9 ([Figure 3](#antioxidants-09-00511-f003){ref-type="fig"}F) were significantly increased in MIA vehicle-treated animals compared to the sham group. Cashew nuts' administration reduced MMP-1, MMP-3 and MMP-9 expressions, respectively.

3.4. Effect of Cashew Nuts on Radiographic Joint Damage Induced by MIA Injection {#sec3dot4-antioxidants-09-00511}
--------------------------------------------------------------------------------

Radiographic analysis displayed joint damage around both the femur and tibia in MIA vehicle-treated animals ([Figure 4](#antioxidants-09-00511-f004){ref-type="fig"}B,D), with loss of joint space, articular cartilage erosion and subchondral bone sclerosis, as compared to sham animals ([Figure 4](#antioxidants-09-00511-f004){ref-type="fig"}A,D). Radiographies of cashew-nut-administered animals showed reduced collagen degradation and cartilage abnormalities ([Figure 4](#antioxidants-09-00511-f004){ref-type="fig"}C,D).

3.5. Effect of Cashew Nuts on Radiographic and Histologic Joint Damage Induced by MIA Injection {#sec3dot5-antioxidants-09-00511}
-----------------------------------------------------------------------------------------------

Hematoxylin/eosin and Masson's trichrome staining of knee sections from vehicle-treated animals 21 days after MIA injection showed multi-layering in transition, fibrillation and irregularities in the surface layer ([Figure 5](#antioxidants-09-00511-f005){ref-type="fig"}B,F), as compared to the control group ([Figure 5](#antioxidants-09-00511-f005){ref-type="fig"}A,E). Cashew nut administration resulted in a preservation of the joint architecture, reducing pannus formation and Mankin scores, accordingly ([Figure 5](#antioxidants-09-00511-f005){ref-type="fig"}C,D,G). Toluidine blue staining showed loss of proteoglycan and cartilage degradation in vehicle-treated animals ([Figure 5](#antioxidants-09-00511-f005){ref-type="fig"}I,K). In contrast, cashew nut administration protected cartilage integrity ([Figure 5](#antioxidants-09-00511-f005){ref-type="fig"}J,K).

3.6. Effects of Cashew Nuts on Mast Cell Infiltration Induced by MIA Injection {#sec3dot6-antioxidants-09-00511}
------------------------------------------------------------------------------

Twenty-one days after MIA injection, vehicle-treated animals ([Figure 6](#antioxidants-09-00511-f006){ref-type="fig"}B,D) showed an increased number of infiltrated mast cells in the knee joint tissues, compared to the control group ([Figure 6](#antioxidants-09-00511-f006){ref-type="fig"}A,D). Cashew nuts' administration reduced mast cell infiltration ([Figure 6](#antioxidants-09-00511-f006){ref-type="fig"}C,D).

4. Discussion {#sec4-antioxidants-09-00511}
=============

Often cited as evidence of joint inflammation in osteoarthritis is lipid mediators, cytokines and reactive oxygen species (ROS) release by chondrocytes, osteoblasts and synoviocytes, resulting in complex mechanical and biochemical interplay with other biological molecules to induce joint degeneration and promote pain \[[@B2-antioxidants-09-00511],[@B3-antioxidants-09-00511]\]. The subchondral bone alterations results in pain severity and cartilage damage \[[@B31-antioxidants-09-00511]\]. Chronic pain related with osteoarthritis is a major concern for which there are few viable treatments. In addition to pain and disability, osteoarthritis is associated with depression, comorbid conditions such as diabetes and an increased caregiver burden \[[@B32-antioxidants-09-00511]\]. A variety of medications like nonsteroidal anti-inflammatories and opioids can cause severe side effects with limited benefits \[[@B33-antioxidants-09-00511]\]. Total knee arthroplasty, although a definitive management, comes with a risk, such as postoperative infections, revisions and chronic pain. Newer injectable therapies are gaining attention as alternatives to medications because of a safer side effect profile, and are much less invasive than a joint replacement. Platelet-rich plasma is beginning to replace the more common injectable therapies of intra-articular corticosteroids and hyaluronic acid. New evidences suggest pain relief and functional improvement were obtained after the intra-articular hyaluronic acid, peptide and platelet-rich plasma injections in osteoarthritis, and decrease in pain was better in the peptide group \[[@B34-antioxidants-09-00511]\]. Small studies have examined prolotherapy and stem cell therapy, and demonstrate some benefits.

Recently, the use of cryoanalgesia to create a cooled area around the nerves that innervate the knee has shown promise in treating knee-osteoarthritis \[[@B35-antioxidants-09-00511]\]. Alternately, peripheral neuromodulation devices that use electricity to stimulate nerves and decrease sensation in painful joints could theoretically be used to treat knee-osteoarthritis and other nonoperative painful joints \[[@B36-antioxidants-09-00511]\]. The use of multiomics, primarily proteomics, as well as metabolomics, is a new approach in osteoarthritis.

Previously, osteoarthritis was classified as a noninflammatory disease, but overwhelming evidences underline that the pro-inflammatory mediators released into the joint result in synovitis, producing nociceptive pain and peripheral sensitization \[[@B37-antioxidants-09-00511],[@B38-antioxidants-09-00511],[@B39-antioxidants-09-00511],[@B40-antioxidants-09-00511]\]. Epidemiological data confirm that approximately 30% of patients with osteoarthritis suffer from neuropathic pain \[[@B41-antioxidants-09-00511],[@B42-antioxidants-09-00511]\]. Thus, a therapeutic which can block neuropathy, inflammation and pain, is sorely needed. Oral supplementation with cashew nuts in MIA-injected rats resulted in an anti-allodynic effect and restored locomotor functionality. Free radicals amplify and mediate joint degeneration. The osteoarthritis progression is significantly linked to ROS and oxidative stress \[[@B43-antioxidants-09-00511],[@B44-antioxidants-09-00511]\]. Several works demonstrate the decrease in GSH level \[[@B7-antioxidants-09-00511]\], GPx activity and CAT levels in both patients \[[@B45-antioxidants-09-00511],[@B46-antioxidants-09-00511]\] and osteoarthritic rats \[[@B20-antioxidants-09-00511],[@B47-antioxidants-09-00511]\], confirming the role of oxidative stress in osteoarthritis pathogenesis.

In parallel, the increase in SOD and MDA levels in the serum of osteoarthritic rats has been described \[[@B48-antioxidants-09-00511]\]. Therapeutic strategies which are able to target the increased ROS represent effective intervention for osteoarthritis driven by oxidative stress \[[@B49-antioxidants-09-00511]\]. Cashew nuts' oral administration was able to restore GSH and CAT levels and GPx activity in MIA-injected animals. Moreover, these animals displayed reduced SOD and MDA levels. As mentioned before, several studies described the catabolic role of cytokines in osteoarthritis. In particular, TNF-α and IL-1β signaling, stimulating the activator protein 1 and nuclear factor-κB transcription factors, promotes the expression of several chrondrolytic and inflammatory mediators, such as metalloproteases (MMPs), and in turn, their autocrine production as well \[[@B37-antioxidants-09-00511]\]. It has also been demonstrated that IL-1β overexpression increases NGF levels \[[@B38-antioxidants-09-00511]\]. NGF, detected in osteoarthritis synovial fluid, is an important mediator in hyperalgesia associated with inflammation \[[@B39-antioxidants-09-00511],[@B40-antioxidants-09-00511]\]. Human studies correlate its synthesis with the cartilage degradation degree \[[@B41-antioxidants-09-00511]\], and clinical trials demonstrate that reducing its expression results in a reduction of osteoarthritis pain \[[@B42-antioxidants-09-00511]\]. Our study confirmed the increased cytokines' expression and displayed that cashew nuts administration reduced pro-inflammatory cytokines' serum levels and NGF expression as well. Destroyed joint homeostasis leads to catabolic processes, resulting in cartilage degeneration. From the histological point of view, cashew nuts' oral administration reduced the radiographic and histological damage of knee joints. Cashew nuts also protected from loss of joint space, collagen, proteoglycans and articular cartilage erosion, induced by MIA injection \[[@B15-antioxidants-09-00511],[@B18-antioxidants-09-00511],[@B50-antioxidants-09-00511]\]. Another reported characteristic of the osteoarthritis joints is the mast cells activation. They are an important source of cytokines, regulate vascular permeability and recruit other inflammatory cells, in particular leukocytes to osteoarthritis joints \[[@B51-antioxidants-09-00511]\]. Oral administration of cashew nuts reduced mast cells' infiltration in the knee joint induced by MIA injection.

5. Conclusions {#sec5-antioxidants-09-00511}
==============

Overall, our results showed that oral administration of cashew nuts reduced pain severity, restored the pro-oxidant/antioxidant balance and limited joint inflammation and tissue injury. They may be considered a valuable option to fight the osteoarthritis.
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![Effect of cashew nuts on monosodium iodoacetate (MIA)-induced pain-like behavior: Von Frey hair assessment test, the paw withdrawal threshold (PWT) (**A**), paw withdrawal latency (PWL) (**B**); walking track analysis (**C**). A *p*-value \< 0.05 was considered significant. \*\*\* *p* \< 0.001 vs. sham-vehicle, \#\#\# *p* \< 0.001 vs. MIA-vehicle.](antioxidants-09-00511-g001){#antioxidants-09-00511-f001}
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![Effect of cashew nuts on histological changes and cartilage degradation: H&E staining: sham (**A**), vehicle (**B**), cashew nuts (**C**), Mankin score (**D**); Masson's trichrome staining: sham (**E**), vehicle (**F**), cashew nuts (**G**); Toluidine blue staining: sham (**H**), vehicle (**I**), cashew nuts (J), cartilage degeneration score (**K**). A *p*-value \< 0.05 was considered significant. \*\*\* *p* \< 0.001 vs. sham-vehicle, \#\#\# *p* \< 0.001 vs. MIA-vehicle.](antioxidants-09-00511-g005){#antioxidants-09-00511-f005}
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